Plasmonic Nanoholes in a Multichannel Microarray Format for Parallel Kinetic Assays and Differential Sensing
Hyungsoon Im, Antoine Lesuffleur, Nathan C. Lindquist, and Sang-Hyun Oh* Laboratory of Nanostructures and Biosensing, Department of Electrical and Computer Engineering, University of Minnesota, Twin Cities, 200 Union Street South East, Minneapolis, Minnesota 55455 We present nanohole arrays in a gold film integrated with a six-channel microfluidic chip for parallel measurements of molecular binding kinetics. Surface plasmon resonance effects in the nanohole arrays enable real-time, label-free measurements of molecular binding events in each channel, while adjacent negative reference channels can record measurement artifacts such as bulk solution index changes, temperature variations, or changing light absorption in the liquid. With the use of this platform, streptavidin-biotin specific binding kinetics are measured at various concentrations with negative controls. A high-density microarray of 252 biosensing pixels is also demonstrated with a packing density of 10 6 sensing elements/cm 2 , which can potentially be coupled with a massively parallel array of microfluidic channels for protein microarray applications.
Surface plasmon resonance (SPR) techniques enable real-time, label-free measurements of biomolecular binding kinetics and affinity, 1,2 and play an important role for drug discovery and proteomics research. In contrast to radioactive or fluorescent labeling methods, label-free SPR kinetic assays provide unique advantages: (1) ligand-analyte binding kinetics can be probed without the costly and time-consuming labeling process that may also interfere with molecular binding interactions; (2) key biophysical parameters (binding rates and affinity) can be measured directly, as opposed to the mere presence of binding events; and (3) a wide range of molecular interactions, especially low affinity interactions that require high protein concentrations for saturation, can be characterized with less reagent consumption than other equilibrium measurement techniques.
Surface plasmons (SPs) are electromagnetic surface waves propagating at the interface between a metallic film and a dielectric medium 3 and coupled to the free electron plasma in the metal. One of the key features of SPs is the tight confinement of the electromagnetic energy in the form of an exponentially decaying evanescent field within 100-200 nm of the surface, making SPs more sensitive to local refractive index changes than bulk measurement techniques. Because of the hybrid nature of SP waves (photons bound with electrons), they cannot be excited directly by light and require a special experimental setup to increase the momentum of the incident photons. The most common way to excite SPs for biosensing applications is using a prism in a total internal reflection mode, known as the Kretschmann configuration. Binding of analytes to ligands immobilized on the gold sensor surface changes the local refractive index, which in turn induces a shift in the SPR excitation angle or wavelength.
1,2
While the Kretschmann setup has been used successfully in the commercial BIAcore instruments for relatively low-throughput experiments, the bulky coupling prism sharply tilts the detection plane from the sample plane. If the Kretschmann setup is coupled with an imaging sensor for high-throughput experiments, as in SPR microscopy, 4-8 the image of the sample surface is projected on the sensor surface with a large tilt angle, leading to defocusing and optical aberrations, prohibiting the use of high numerical aperture (NA) imaging lenses, and limiting the available field-ofview. 8 Recent advances in protein microarray technology show promise for high-throughput studies of thousands of protein-protein interactions at a high spatial density.
9,10 While existing protein microarray technology has relied on fluorescently labeled query molecules, modifying these molecules often changes their binding interactions. Avoiding the use of labels is highly desired but rarely realized, so it is a logical step to combine label-free kinetic SPR sensing with protein microarrays. Furthermore, integrating SPR technology and a high-density protein microarray can dramatically accelerate the accumulation of kinetics information about protein-protein and protein-nucleic acid interactions. Toward the ambitious goal of proteome-scale label-free kinetic assays, a new class of SPR instrument is needed that combines (1) high imaging resolution to collect kinetics data from individual spots on highdensity microarrays; (2) massively parallel multiplexing capability and a large field-of-view; and (3) a simple and robust optical design.
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( The extraordinary optical transmission (EOT) effect in periodic nanohole arrays in a metallic film 11 provides unique opportunities for building such high-throughput SPR instruments using a simple microscope setup. When light is incident on a thin gold film perforated with arrays of periodic subwavelength holes, SP waves are launched via a grating coupling mechanism, "funneling" light through the holes, which is reradiated on the opposite side. The peak transmission wavelengths for normally incident light can be approximated by 11 where a 0 is the periodicity of the nanohole array, i and j are the grating orders, and ε m and ε d are the dielectric constants of the metal and dielectric, respectively. Since SPs play a central role in the transmission, 12-14 the position of λ peak is sensitive to local refractive index changes on the surface, as with SPR biosensors using a prism coupler. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] While nanohole SPR sensors have a lower bulk refractive index sensitivity than the prism-based equivalent, 15,18,21 they nevertheless provide overall advantages for a high-throughput imaging implementation by eliminating optical design constraints imposed by the prism. Especially important are that the signal can be measured with normally incident optical geometry, enabling high imaging resolution, easy optical alignment, and a large field-of-view, all of which are critical for high-density protein microarray applications. Following the proof-of-concept by Brolo et al., 15 several groups have demonstrated SPR biosensing based on the EOT effect. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] We have previously demonstrated real-time kinetic sensing with shape-enhanced sensitivity using nanohole arrays 21 and multiplex SPR microarray sensing using a laser source and a CCD camera.
23
In this work, we integrate periodic nanoholes within a linear array of microfluidic channels to demonstrate multiplex SPR microarray imaging and differential sensing of streptavidin-biotin binding kinetics using a laser-based multiplex imaging platform we reported previously. 23 Here, each microfluidic channel in the chip contains a series of nanohole array sensing elements with tuned resonance wavelengths. Negative controls and analytes of different concentrations are injected into individual channels, enabling parallel, differential data acquisition as well as the subtraction of unwanted background signals arising from noise sources such as temperature change, bulk liquid index change, and mechanical vibrations. The experimental results are compared with computational modeling using three-dimensional (3-D) finitedifference time-domain (FDTD) simulations.
EXPERIMENTAL SECTION
Instrumentation and Real-Time Data Acquisition. Figure  1 shows the experimental setup for differential nanohole array based SPR imaging. Figure 1a shows a complete ready-to-use device, consisting of a patterned gold-coated glass slide with integrated microfluidics, set on a microscope stage where the optical detection is performed. Teflon tubing connected to the microfluidic channels allows addressing each nanohole array with various solutions, i.e., various concentrations of analytes with negative controls. Figure 1b is a schematic representing the optical detection system built around an upright bright field microscope. This setup can be used either for real-time spectral measurement using a broadband halogen lamp source and a fiber optic spectrometer or for real-time multiplex imaging experiments using a laser source and a CCD camera. In this paper, we present results obtained with the imaging configuration using a HeNe laser at 632.8 nm and a deep-cooled CCD camera (Photometrics Cool SNAP HQ 2 ). The laser spot size was 800 µm. The HeNe laser illuminates the sample from below, through the glass substrate, exciting surface plasmons and EOT effects in the patterned gold film. The transmitted laser light (as a bright spot from each nanohole array) is then collected using a 10× microscope objective (NA ) 0.30) and imaged using the CCD camera. Figure 1c shows a bright-field microscope image of a six-channel device, where the PDMS (described below) walls and flow channels on the gold sensing surface are indicated. In each channel, eight nanohole arrays with different periodicities are used for real-time, label-free biosensing measurements. Multichannel devices are required to perform experiments with negative controls, or with various concentrations and protein interaction measurements, in a multiplexed manner. Figure 1d shows the same device in transmission mode, i.e., only illuminated from below by the HeNe laser beam. A custom-built MATLAB suite of analytical and signal processing code was used to control the CCD camera, capture image files at regular intervals of several seconds to several minutes, and process the image data to extract intensity profiles across the periodic nanohole microarray. For each image captured, rapid multiframe averaging was used to increase the signal-to-noise ratio. The response of a single sensor spot was quantified by integrating the transmitted intensity through each nanohole array. A syringe pump (Harvard apparatus PHD2000) was used to inject sample solutions at flow rates ranging from 2 µL/h to 100 µL/min. Nanohole Array Fabrication. Standard glass microscope slides were first cleaned with acetone, methanol, isopropyl alcohol (IPA), and deionized water in ultrasonic baths for 15 min each. Optical lithography with Shipley 1813 positive photoresist was used to define the active gold region where the nanohole arrays were to be patterned. An e-beam evaporator (CHA, SEC600) was used to deposit a 5 nm chromium adhesion layer and a 200 nm thick gold film on the glass slides. Nanohole arrays were patterned with focused ion beam (FIB) milling using a 30 keV and 30 pA ion beam (FEI Dual Beam Quanta 200 3D). A typical sensing element, as shown in Figure 1e , consisted of a 16 × 16 nanohole array with a footprint of 40 µm 2 . The nanohole diameter was 150 nm. The periodicities of the nanohole arrays ranged between 390 and 440 nm with 10 nm intervals.
Microfluidic Chip Fabrication and Integration. Soft lithography 28 with polydimethylsiloxane (PDMS, Sylgard) was used to fabricate a microfluidic flow cell for kinetic measurements of molecular bindings. The negative-tone master mold of the channel was patterned on a silicon wafer using SU-8 50 photoresist (Chembio), defining 50 µm deep and 50 µm wide channels. A 10:1 ratio of PDMS and curing agent was degassed in vaccum and cast to be 3 mm thick over the SU-8 photoresist pattern. After curing the PDMS at 70°C overnight, the PDMS flow cell was cut from the master, and inlet and outlet holes were punched for tubing connections. Prior to final assembly, the nanohole array substrate was cleaned thoroughly with acetone, IPA, and deionized water and dried in a stream of high-purity N 2 . The nanohole array device was then cleaned under UV ozone. After the PDMS was cleaned with acetone, IPA, and deionized water, the surfaces of the PDMS channel and the sample slide were treated with a 50 W O 2 plasma for 10 s and covalently bonded to seal the flow channel. The PDMS flow cell was aligned with the nanohole arrays on the sample slide using a contact aligner (Karl Suss MJB3).
Functionalization of Nanohole Array Surface. Streptavidin and 11-amino-1-undecanethiol hydrochloride were purchased from Pierce and Sigma-Aldrich, respectively. The 11-amino-1-undecanethiol hydrochloride solution was prepared in double deionized water, and the concentration was adjusted to be 3 mM. Sulfo-NHS-LC-biotin (Pierce) solution was prepared in a 0.1 M sodium carbonate solution, with the final concentration adjusted to be 3 mM. Through the PDMS fluidic channels, the 11-amino-1-undecanethiol hydrochloride solution was injected at a 2 µL/h flow rate over 24 h to form a self-assembled monolayer (SAM) of 11-amino-1-undecanethiol, followed by double deionized water washing. The nanohole array device with the SAM was then incubated with the sulfo-NHS-LC-biotin carbonate buffer solution for 12 h, followed by a PBS wash. The biotinylation solution was specially prepared for each experiment due to the quick hydrolysis of NHS esters. The gold surface was then treated with 0.2% bovine serum albumin (BSA) to reduce the nonspecific binding of streptavidin on the surface. After being rinsed with PBS, different concentrations of streptavidin/PBS solution, from 20 nM to 3 µM, were injected through each microfluidic channel and the binding events of streptavidin and biotin from each nanohole array were measured in real-time. Figure 2a shows 3-D finite-difference time-domain (FDTD, Fullwave RSoft Design Group) simulations of several transmission spectra from two different nanohole arrays (with periodicities of 400 and 440 nm) as the refractive index of the surrounding medium is changed from that of water (n ) 1.333) to that of ethanol (n ) 1.36). As the refractive index increases, the transmission peak red-shifts, per eq 1, and the transmitted intensity of each nanohole array changes for a fixed wavelength. With dependence on the periodicity, the transmitted intensity can either decrease (400 nm periodicity) or increase (440 nm periodicity) at a fixed illumination wavelength (λ ) 633 nm) as the refractive index increases from 1.333 to 1.36. This is due to the sign of the slope of the transmission peak at 633 nm: positive for a periodicity of 400 nm and negative for a periodicity of 440 nm. These FDTD results are consistent with the measured transmission spectra and intensity changes we reported previously. 23 Figure 2b shows the transmitted intensity change at 633 nm versus the refractive index for two different arrays. For periodicities of 400 and 440 nm, the transmitted intensity either linearly decreases or increases, respectively, as the refractive index increases from 1.33 to 1.36. The transmitted intensity change is directly related to the slope of the transmission spectrum at 633 nm and the amount of spectral shift due to the changing refractive index. For SPR imaging, the sensitivity of the nanohole arrays depends both on the spectral shift due to the refractive index change and on the slope of the transmission peak at the illumination wavelength.
RESULTS AND DISCUSSION
23 Designing a good sensor, then, is a matter of choosing a periodicity where the illumination wavelength lies directly at the highest slope region of the transmission spectrum. Figure 2c shows the calculated and measured sensitivity (fractional intensity change versus refractive index change) for nanohole arrays with several periodicities. Of note is that for a periodicity of 420 nm, the transmission spectrum has a minimum around the 633 nm illumination wavelength, meaning that even while the spectrum shifts, the transmitted intensity changes very little, giving poor sensitivity. Figure 2d shows the calculated 3-D electric field intensity distribution at a transmission resonance for a periodicity of 400 nm. The illuminating field is seen from below (glass), and the exponentially decaying plasmonic field is seen on the top (water) side of the gold nanoholes. There, the presence of biomolecules can sharply modulate the plasmonic resonant conditions, shifting the resonant wavelength and modulating the transmitted intensity. Figure 3a shows real-time experimental measurements of the transmitted intensity through several nanohole arrays when mixtures of water and ethanol at different concentrations are sequentially injected. First, deionized (DI) water (n ) 1.333) is injected at a flow rate of 100 µL/min. Then, an increasing concentration of ethanol was used to vary the refractive index from 1.338 to 1.353. Finally, DI water was injected again to recover the initial transmitted intensity level. For the refractive index values from 1.333 to 1.353, the transmitted intensity linearly decreases with each increasing refractive index step for all periodicities except 420 nm, where the 633 nm HeNe illumination samples the nanohole array at a transmission minimum. These are in good agreement with the FDTD calculations presented in parts b and c of Figure 2 . Nanohole array sensing elements were arranged in a multichannel microarray format to monitor the specific binding of streptavidin and biotin under different experimental conditions and with multiple negative controls. In SPR measurements of ligand-analyte binding, it is important to perform separate control experiments to rule out nonspecific binding of the analyte onto the gold surface or to correct for refractive index artifacts due to changes in the bulk solution index. This is especially important when a high concentration of analyte sample is injected, a common condition for measuring very weak interactions, where the bulk refractive index artifact or light absorption can be significant, causing a large shift in the measured SPR signal before any specific binding events occur. It should be noted that in the Kretschmann setup, which operates in a reflection mode, the source light does not traverse the liquid sample, whereas in a nanohole SPR sensor, light transmission is measured through a liquid flow cell. Therefore it is necessary to measure the light absorption in the sample solution. If these artifacts are not taken into account, the binding affinity cannot be precisely quantified. This differential sensing scheme can also eliminate background fluctuations such as temperature, source intensity, and vibration without having to use more sophisticated mechanisms, such as on-chip temperature control. In our multichannel platform, each microfluidic channel can be functionalized with a different type of molecule which can subsequently interact with different analytes, allowing concurrent measurements of positive/negative With the transmission sampled at 633 nm, the intensity is seen to decrease for a periodicity of 400 nm (black dots) and increase for a periodicity of 440 nm (red circles) as the refractive index increases. The intensities for both periodicities at n ) 1.33 are shifted to zero for comparison. (c) Experimental and calculated normalized sensitivity (fractional change in transmitted intensity versus refractive index change) for various nanohole array periodicities. The sensitivity goes to nearly zero for a periodicity of 420 nm, since at that point, the illuminating wavelength (633 nm) lies at a transmission minimum, where the slope of the transmission spectrum is nearly zero. (d) Cross-sectional view of the calculated electric field intensity distribution for a periodic array of circular nanoholes. The incident light from below (glass substrate), via the EOT mechanism, is converted into surface plasmons which probe the local refractive index on the output (water) side of the gold film. controls and analytes of varying concentrations. Furthermore, each microfluidic channel includes a series of nanohole sensing elements, each with different resonance wavelength, enabling us to "scan" different sections of the EOT spectra.
The laser transmission through each nanohole array is modulated by the bulk refractive index change of an analyte solution and also by the binding of streptavidin molecules to the immobilized biotin molecules. Two types of negative control samples were used in our experiment. Since no specific binding can occur between the streptavidin and the SAM, a PDMS microchannel without immobilized biotin served as a negative control. Another microchannel was filled with a phosphate buffered saline (PBS) buffer as a negative control to monitor system fluctuations. Those negative controls were placed adjacent to the active sensing region, with 50 µm spacing as shown in Figure 1 . The microfluidic channels were initially filled with the PBS solution. Then, the six-channel PDMS chip was used to deliver different concentrations of streptavidin in a PBS solution at a flow rate of 2 µL/h. Figure 3b shows real-time measurements of biotin-streptavidin binding events with different nanohole array periodicities. The concentration of streptavidin is 100 nM, and the periodicities of the nanohole arrays ranged from 390 to 420 nm with 10 nm intervals. First, the streptavidin solution was injected at a high flow rate of 100 µL/min for 150 s to establish the measurement baseline and to measure the bulk refractive index difference between the initial PBS buffer and the streptavidin solution before specific binding occurs on the surface. Then the flow rate was reduced to 2 µL/h, and the transmitted intensity decayed exponentially in time as more streptavidin bound to the biotin immobilized on the surface, before finally saturating. The variation of the transmitted intensity depended on the periodicity of the array, as discussed in Figure 3a . For a nanohole array with a 400 nm periodicity, the transmitted intensity drops due to biotin-streptavidin binding on the surface are bigger than other periodicities because the 633 nm laser wavelength is located at the transmission resonance region with the highest slope, while for a nanohole array with a 420 nm periodicity, the transmitted intensity remains fairly constant with the same molecular binding, because 633 nm corresponds to the minimum of transmission where the slope is close to zero. Therefore, to achieve the highest sensitivity, precise tuning of nanohole array periodicity is needed to position the laser wavelength at the region of the sharpest slope.
To investigate the detection limit of the sensor for biotinstreptavidin binding and to rule out nonspecific binding, different concentrations of streptavidin solution with corresponding negative controls, which do not have immobilized biotin in the channels, were injected into parallel channels. From six channels, only four channels were incubated with biotin for measuring binding kinetics with different concentrations of streptavidin of 20, 30, 50, and 100 nM. The other two reference channels were incubated with a biotin-free buffer solution for negative controls and injected with 50 and 100 nM streptavidin solutions. Figure 4a shows binding kinetics measured for different concentrations of streptavidin (20, 30, 50 , and 100 nM) from nanohole arrays with a 400 nm periodicity. The transmitted intensity decreases, at saturation, by 6.5%, 8.9%, and 18.8% for concentrations of 30, 50, and 100 nM, respectively. The red curves show a least-squares fit to the measured data for each concentration, following binding responses based on a simple biomolecular reaction model. 29 Calculations based on the data presented in Figure 4a gives the affinity constant to have a value of 4.12 × 10 6 M -1 . This value is fairly close to a previously reported 29 value of 7.3 × 10 6 M -1 . As the concentration of streptavidin goes below 20 nM, the transmitted intensity change is comparable to the noise level, making it difficult to accurately fit a curve. Figure 4b shows differential sensing of streptavidin and biotin binding kinetics using two neighboring microfluidic channels. The net binding kinetics between streptavidin and biotin was obtained by subtracting the measurement in the reference channel, which does not have immobilized biotin, from the data obtained in the sample channel functionalized with biotin wherein a 100 nM streptavidin solution was injected at a flow rate of 2 µL/h, demonstrating the ability of the multichannel platform to account for experimental artifacts. The transmitted intensity change from the reference channel is 5-7%. This is due not only to nonspecific bindings of streptavidin onto the Au surface but also due to the bulk refractive index change. The multichannel platform is able to simultaneously measure binding kinetics with different con- Biotin is immobilized in one channel only, while 100 nM streptavidin solutions are simultaneously injected into both channels at the same flow rate of 2 µL/h. centrations with corresponding negative controls, enabling differential sensing of binding kinetics while removing experimental artifacts. Figure 5 shows a microarray of 252 sensing elements, wherein the periodicity of each nanohole array sensing element ranges from 370 to 450 nm. The center-to-center distance between each array is 8 µm, which gives the packing density of 1.45 × 10 6 arrays per cm 2 . Figure 5a shows the CCD image of the nanohole arrays in transmission, illuminated from below with a HeNe laser. The zoomed image of a 3 × 3 subarray is shown in Figure 5b . Each row, consisting of three sensing elements, has the same periodicity, which is varied by 10 nm for each row. Figure 5c is a scanning electron micrograph of one of the subarrays. Each sensing element is a single 7 × 7 nanohole array. The SP-enhanced light transmission is modulated as the periodicity of each 7 × 7 nanohole array is scaled. This demonstrates the possibility of packing the nanohole array sensing elements at a density that is not achievable with standard SPR biosensors. While the FIB fabrication method used for this work does not lend itself to large-area patterning, emerging technologies such as soft interference lithography, 30 nanoimprint lithography, 31 or colloidal templating techniques 32 are able to print nanometer-sized patterns over centimeter-sized areas. The combination of multiplex SPR sensing using a simple microscope setup with differential sensing for accurate quantification shows promise for using this platform for high-throughput studies of protein-protein interactions.
SUMMARY AND CONCLUSION
Plasmonic nanohole arrays were combined with a linear array of microfluidic channels for multiplex measurements of molecular binding kinetics and differential SPR sensing. Specific biotinstreptavidin binding was characterized with varying concentrations and multiple negative controls. Simultaneous measurements of unique binding interactions in each of the six channels were demonstrated. The platform demonstrated here combines high packing density, stable laser-illumination, multiplex detection, and differential sensing capability, all of which are essential for nanohole SPR sensors to compete with existing SPR instruments for quantifying molecular binding kinetics with high throughput. It will also be possible to reduce the width of each microfluidic channel and the channel-to-channel gap to below ∼20 µm, which will allow the potential integration of hundreds of parallel microfluidic channels with this platform. Finally, an array packing density of ∼10 6 sensing spots per cm 2 has been achieved, showing the potential of scaling up the SPR multiplexing capacity of the nanohole array platform 33 toward the goal of massively parallel kinetic assays of protein-protein interactions on high-density protein microarrays.
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